We report on an experimental and computational (multipole decomposition) study of Fano resonance modes in complementary near-IR plasmonic metamaterials. Resonance wavelengths and linewidths can be controlled by changing the symmetry of the unit cell so as to manipulate the balance among multipole contributions. In the present case, geometrically inverting one half of a four-slot (paired asymmetric double bar) unit cell design changes the relative magnitude of magnetic quadrupole and toroidal dipole contributions leading to enhanced quality factor, figure of merit and spectral tuning of the plasmonic Fano resonance. *
Metamaterials have been a subject of intense interest due to their ability to exhibit optical properties not commonly found in natural materials. By suitably engineering the size and geometry of metamaterials at the sub-wavelength scale, researchers have been able to exploit and manipulate electromagnetic waves to achieve various phenomena such as invisibility cloaking, [1] [2] [3] [4] super lenses, [5] [6] [7] [8] electromagnetically-induced transparency [9] [10] [11] , and high qualityfactor Fano resonances [12] [13] [14] [15] offering a rich variety of applications in photonics and optics.
Specifically, a Fano resonance is a scattering phenomenon resulting from destructive interference between a continuum background and a resonant mode, and is commonly recognized by its asymmetric lineshape. In 1935, Ugo Fano was the first to theoretically formulate an equation which adequately provides an explanation of this unique and distinct lineshape. 16 In the field of plasmonic metamaterials, various Fano resonant unit cell shapes and designs such as dolmen structures, [17] [18] [19] ring/disk nanocavities, [20] [21] [22] [23] heptamers [24] [25] [26] [27] [28] and notably split ring resonators [29] [30] [31] [32] [33] have been explored in great detail. An uncomplicated design composed of paired asymmetric double bars (ADBs) has also been studied for its Fano resonance [34] [35] [36] [37] [38] [39] and electromagnetically-induced transparency properties. [40] [41] [42] [43] While computed charge distribution and field vectors are typically used as a visual mechanism to identify and attribute the origin of the Fano resonance in such structures, there has been little focus on quantitative and qualitative analysis of the role of the multipoles that contribute to the asymmetric line shape and the linewidth narrowing of Fano resonances in complementary nanostructures (paired asymmetric double slots in a thin plasmonic metal film). Complementary nanostructures are interesting due to the enhanced mode volume as a result of the tight confinement of the electromagnetic fields in the narrow empty spaces of the nanostructures (portions without metal). Since the mode volume is higher in these nanostructures, the interaction of the Fano cavity with any other dynamic material medium would be extremely strong. As such, multipole expansion analysis is applied to this simple design as an illustration of the way in which it can enrich the understanding of symmetry-broken metamaterials in complementary designs.
Here, we introduce a comparison between complementary nanostructures of paired ADBs in so-called "Fano" and "iFano" configurations (iFano denoting a 180˚ inversion of one ADB relative to the Fano geometryas shown in Fig. 1 ), and report that in the iFano configuration, a larger figure of merit and quality factor can be achieved in the infrared regime as compared to the Fano configuration. Numerical simulations attribute the origin of a broad dipolar resonance to the electric dipole, and the asymmetric Fano lineshape is a consequence of the electric dipole interacting with the magnetic quadrupole and the toroidal dipole. Via a decomposition of the multipoles, we find that the magnetic quadrupole competes on the same scale as the toroidal dipole to narrow down the linewidth of the resonance. In addition, the iFano configuration offers large spectral tunability without the need to alter the periodicity or dimensions of the unit cell. Quality factors of the plasmonic system were evaluated for both configurations at their respective resonances. Quality (Q) factor is a dimensionless parameter which determines the extent of radiative and non-radiative losses in the plasmonic resonator. It is calculated here as a ratio between the resonance wavelength, λ0 and the full-width at half maximum, δλ of the resonance dip in the reflectance spectra, = . A plasmonic system is less damped when the Q-factor is higher, and the system can store more energy. As shown in Fig. 3 , measured and simulated Q-factors for the Fano configuration increase with decreasing asymmetry to values of 34.9 and 45.7 respectively at α = 0.048. From simulations, the Q-factor of the iFano configuration reaches 75.4 at α = 0.048, a value more than 1.5 times (50%) larger than the corresponding Fano configuration. However, at these small values of the asymmetry parameter, experimental Q-factors cannot be evaluated due to the weakness of the resonance, which appears as a shoulder as opposed to a defined dip in the reflectance spectrum ( Fig. 2(b) ).
Another parameter which characterises the overall performance of the Fano resonance is the figure of merit (FoM), defined as the product of the Q-factor and the peak-to-peak resonant intensity. The FoM parameter is crucial as it considers the trade-off between the quality factor and the intensity of the Fano resonance. Typically, the Q factor of a Fano resonant system decreases as the resonance intensity increases when the asymmetry in the system is increased. 
where c is the speed of light, J is the induced current density, and α, β = x, y and z.
In both configurations, this analysis reveals that the appearance of the broad resonance for paired symmetric double bars can be attributed to an electric dipole which oscillates in phase with incident electromagnetic waves. As the length of the short bar starts to decrease, the symmetry of the nanostructures is broken, resulting in the excitation of the Fano resonance. In the asymmetric case, crucial higher-order contributions come from the toroidal dipole and magnetic quadrupole alongside the fundamental electric dipole as illustrated in Fig. 4 (magnetic dipole and electric quadrupole contributions by comparison are negligible). In general, the electric dipole is highly radiative and couples easily with the driving field. Although the electric dipole plays a determinative role in the appearance of the Fano resonance, the higher-order contributions of the toroidal dipole and the magnetic quadrupole cannot be neglected. As the asymmetry between the double bars is introduced in both configurations, there is an increase in their contributions, and together they interact with the electric dipole to form an asymmetric Fano resonance. The consequence is the narrowing of the linewidth of the resonance wavelength and a higher Q-factor obtained as compared to the symmetric system.
A closer look at the total contributions of the scattering power by the major multipoles at resonance reveals that the sum of the scattering power due to the electric dipole, magnetic 7 quadrupole and toroidal dipole in the Fano configuration is greater than in the iFano configuration, as shown in Fig. 5(a) . This accounts for the higher Q-factor observed for the iFano configuration as compared to the Fano configuration. To understand the individual roles of the toroidal dipole and magnetic quadrupole, we took a difference between their scattering powers and noticed that for all asymmetry, there is a larger difference in the iFano configuration as compared to the Fano configuration. In both configurations, as shown in Fig. 5(b) , below an asymmetry parameter of α = 0.35, the difference between the scattering powers of the toroidal dipole and magnetic quadrupole starts to diverge. This corresponds to the point at which the Q-factor in Fig. 3(b is enhanced by as much as 1.5 times compared to the Fano-configuration. Aside from enhancing the Q-factor, it is notable here that the inverted configuration also provides a mechanism to widen the tunability in the infrared spectral range without a need to change the shape or dimensions of the metamaterial unit cell -a behaviour that may be of particular use in optical and bio-sensing applications. 
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